Coherent multidimensional spectroscopy is a field that has drawn much attention as an optical analogue to multidimensional nuclear magnetic resonance imaging. Coherent multidimensional spectroscopic techniques produce spectra that show the magnitude of an optical signal as a function of two or more pulsed laser frequencies. Spectra can be collected in either the frequency or the time domain. In addition to improving resolution and overcoming spectral congestion, coherent multidimensional spectroscopy provides the ability to investigate and conduct studies based upon the relationship between different peaks. The purpose of this paper is to provide a general introduction to the area of coherent multidimensional spectroscopy, to provide a brief overview of current experimental approaches, and to discuss some emerging developments in this relatively young field.
Introduction
Spectroscopy has long been and continues to be one of the most powerful and effective tools for studying matter. It is widely used to determine the quantity, identity, structure, behavior, and other properties of matter. It can be used for challenging applications such as remote sensing and monitoring, noninvasive diagnostics, single molecule detection, and imaging. Like any form of chemical measurement, however, spectroscopy has its limitations. For example, the ability to interpret spectra is significantly impeded when the density of bands is so high that peaks are no longer resolved. Bands from different processes can overlap and become entangled in a way that obscures peaks and patterns, making spectra difficult or impossible to interpret. This problem often gets worse with increasing size of the molecule, diversity of the environment surrounding the molecule, and number of molecular species in the sample. Perturbations associated with phenomena such as conical intersections 1 and vibronic mixing 2 can also shift peaks, affect peak intensities, and increase the density of peaks. When the sample contains a mixture of different species, it can be difficult or impossible to assign peaks to the correct species.
One way to overcome these kinds of problems is to use a selective spectroscopic technique that employs photons of multiple wavelengths to achieve multiple resonances.
Examples of well-established techniques that employ this approach include multiphoton ionization, 3 pump-probe, 4 resonance Raman, 5, 6 and resonant laser-induced fluorescence (LIF) 7 spectroscopies. Unlike singly resonant technique such as conventional absorption spectroscopy, LIF is a two-photon process; the fact that it involves separate input and output frequencies provides a means for selectivity. If the frequency of the laser photons matches the difference in energy between two levels in a sample molecule (the lower being populated), then a resonance occurs. Resonances can increase the level of interaction between light and matter, resulting in an increase in the magnitude of the signal being measured. For LIF, selectivity can be achieved when the laser frequency is resonant with one species but not the others, resulting in selective population transfer and a spectrum that is dominated by peaks from only the selected species in a mixture.
One limitation of selective multiresonant techniques is that they can be somewhat cumbersome if one is trying to conduct a comprehensive study of a complex system; such studies might require recording a large set of individual selected spectra. An alternative to collecting and then trying to analyze a large number of individual spectra is to display the set as a multidimensional plot. Plotting the data in two dimensions can help improve resolution and reduce congestion by increasing the space between peaks. In some cases, it can provide new information, such as the relationships between bands. During the past four decades, several instrumental techniques have been improved so that they can be used to record multidimensional spectra. The original spectroscopic technique to undergo such a transformation was nuclear magnetic resonance (NMR) spectroscopy; two-dimensional (2D) NMR was proposed by Jeneer in 1971 8 and demonstrated by Ernst et al. a few years later. 9 In their 1976 article, Aue et al. discuss the role of nonlinearity, multiple resonances, and other concepts important in 2D NMR. 10 A 2D optical spectrum can be defined as a plot of a measured optical quantity (e.g., intensity of light) as a function of two frequencies or wavelengths that are displayed on orthogonal frequency (or wavelength) axes. For example, LIF can be used to create 2D spectra if independently tunable laser and detection systems are used and the fluorescence intensity is plotted as a function of the laser wavelength on one axis and the detection wavelength on a separate orthogonal axis. This concept was introduced in 1961 11 and implemented later in the 1970s. 12, 13 More recently, this approach has been used to create 2D LIF spectra of C 2 , 14 toluene, 15 fluorobenzene-argon Van der Waals complexes, 16 and to resolve and assign features that might otherwise appear overlapped and unresolved in conventional one-dimensional spectra. It has proven to be useful for obtaining rotational constants for levels in excited electronic states. 17 Another way to create a 2D spectrum is to use a 2D correlation technique developed by Noda and Ozaki. 18 This method involves introducing a perturbation, recording spectra at different stages or phases of that perturbation, and then using a 2D correlation algorithm to generate a 2D correlation plot. This 2D plot shows how changes in the peaks in one part of the spectrum are correlated to peaks in other parts of the spectrum. The method provides a relatively simple and inexpensive way of dealing with samples that are mixtures if the components respond to the perturbation differently. 18, 19 In contrast to 2D spectra based on fluorescence or correlation, a coherent 2D spectrum is produced when two or more laser beams or pulses are overlapped in a sample. A coherent beam of light emerges from the sample, and the property (intensity) of that coherent beam is detected and plotted as a function of two frequencies. By using multiple laser beams to generate a coherent signal, coherent 2D spectroscopy can achieve things that 2D fluorescence and correlation techniques cannot. For example, experiments employing a single laser pulse are transform-limited; as the pulse length is decreased, the spectral bandwidth of the pulse increases, forcing the spectroscopist to choose between high spectral resolution and high temporal resolution. In addition, with fluorescence and correlation methods, the benefits of further expansion to higher dimensions cannot be explored. This paper discusses how these and other limitations can be overcome using the coherent approach, thereby permitting even greater capabilities for the study of dynamics, improvements in resolution, and selectivity.
The general features of a coherent 2D spectrum are shown in Figure 1 . Most coherent 2D spectra are produced using four-wave mixing (FWM), where three input fields (represented by frequencies o1, o2, or o3) are used to generate an output beam (o4). Two-dimensional spectra are typically displayed as contour plots of the detected output beam intensity (coming out of the page) as a function of two independent frequencies (o1, o2, o3, or o4), depending upon the technique and experiment. The resulting 2D spectrum can be divided into two regions: the diagonal and the off-diagonal (or cross-peak) region. Along the diagonal, the two independent frequencies are equal, and the peaks have the same frequencies as those in a conventional 1D spectrum. The off-diagonal region contains new information in the form of cross-peaks that can be used to identify which peaks in the 1D spectrum are related. In this illustrated cartoon, the off-diagonal peaks indicate that diagonal peaks A, B, and E are related (perhaps due to some kind of coupling or other commonality). Peaks C and D are related to each other but are unrelated to the other three. If the sample were a mixture, one possible explanation would be that peaks A, B, and E come from one species while peaks C and D come from a second species. In the literature, some coherent 2D spectra are displayed with both the diagonal and off-diagonal regions, while others show only the off-diagonal regions. Figure 1 . Simple cartoon of a coherent 2D spectrum with labeled on-diagonal peaks (also found in conventional 1D spectra) and ''new'' off-diagonal peaks that are not labeled. The purple colored off-diagonal peaks indicate coupling among conventional peaks A, B, and E, while the yellow off-diagonal peaks indicate that peaks C and D are coupled. Coherent multidimensional spectroscopies provide greater control than conventional techniques because they produce signals that depend upon multiple input and output beams. The ability to vary the properties (e.g., frequency, polarization, relative direction, phase, and relative timing) of these independent beams provides control over the kinds of peaks that appear in the spectra and the information that can be obtained from them. However, coherent multidimensional techniques can also intrinsically provide greater control than their incoherent counterparts. For example, consider a 2D spectrum of a gas phase molecule produced using LIF, where one axis is the laser frequency and the other axis is the detected emission frequency. At each laser wavelength, the molecule can relax down to many different levels, emitting incoherent light at many wavelengths for many transitions. The peaks in a resulting luminescence spectrum would be determined by selection rules between the initially populated upper state level and numerous lower lying levels, and the spectroscopist would have limited control over which peaks appear. Additional transitions to even lower levels can further contribute additional peaks, resulting in final rovibrational levels that have little or no relationship with the initial rovibrational level (e.g., they may or may not involve the same rotational quantum numbers). The resulting spectra can have a very high density of peaks, resulting in severe spectral congestion.
By contrast, certain FWM processes are parametric; they generate coherent beams of light only when the final level in the FWM process is identical to the initial level. Therefore, if all of the input beams are monochromatic, each FWM process will produce just one single wavelength. The total set of possible output frequencies includes several combinations (o4 ¼ AE o1 AE o2 AE o3), but the combinations are often far apart and phase matching can also be used to select just one desired combination. Phase matching involves the use of calculated input and output angles so that the momentum of the input and output light beams is conserved (i.e., k4 ¼ AE k1 AE k2 AE k3, where k is the momentum vector that points in the propagating direction of the beam with a magnitude W kW ¼ no/c). Selecting a specific FWM process can reduce the number of observed peaks and makes it easier to resolve and assign them. Figure 2 can be used to compare the progression of rotational quantum numbers after each photon in a coherent parametric FWM process with that of a corresponding incoherent four-photon process. The top part shows that for a four-photon FWM process for a molecule with a rotational selection rule of ÁJ ¼ AE1, the pathways initially expand by branching out, but eventually contract so that the initial J and final J values are identical because a parametric FWM process requires that the initial and final levels be identical. By contrast, the lower part of the figure shows how the rotational quantum numbers in a similar resonant four-photon incoherent process continue to expand, resulting in many more possible pathways and subsequent peak frequencies. In this particular example, the incoherent process yields eight different output (o4) frequencies, while the coherent parametric process produces only two. The differences when considering vibrational levels are even greater; only one final vibrational level would be relevant in a parametric FWM process, while an incoherent process could involve all vibrational levels that are coupled using non-zero Franck-Condon factors. The improved control and significant reduction in the number of resonances help reduce spectral congestion and permit easier peak assignment for rotationally resolved vibrational and electronic spectroscopy.
The amount of data required to produce a multidimensional spectrum is significantly greater than that required for a conventional 1D spectrum, and the amount of time required to collect such data can be prohibitive if not addressed when the instrument and experimental technique are being developed. In order to reduce data acquisition time, multichannel, or multiplex (Fourier transform [FT]) approaches are often used. For example, the number of wavelengths generated by a FWM signal may be increased in a controlled way by replacing one or more of the narrowband input laser beams with a broadband beam and by using a multichannel detection system, Figure 2 . Parametric coherent FWM processes (top) cause the range of possible rotational quantum numbers to expand and then contract back to the initial value. For similar incoherent processes (bottom), however, the contraction does not occur, resulting in numerous possible final rotational quantum number values instead of just one. For this diagram, J corresponds to the initial rotational quantum number in the ground electronic state, the selection rule is ÁJ ¼ AE1, and o's represent a sequence of four successive photons that interact with the molecular system. e.g., a monochromator with a charge-coupled device (CCD). This multichannel approach reduces the data acquisition time so that it is comparable to that for conventional scanned 1D spectroscopies.
Three General Methods for Generating Coherent Two-Dimensional Spectra
During the past two decades, dozens of research groups have built a variety of instruments that are capable of generating coherent 2D spectra. The number of applications being pursued is very broad, ranging from individual atoms 20 to large biomolecules, 21 nanostructures, 22 and semi-conductors 23, 24 in the ultraviolet (UV), visible, infrared (IR), and terahertz 25 regions of the spectrum, employing a number of different names or acronyms for the specific technique, e.g., 2D IR, 26 doubly vibrationally enhanced (DOVE), 27 2D electronic spectroscopy (ES), 28 multiple populationperiod transient spectroscopy (MUPPETS), 29 high-resolution coherent 2D spectroscopy (HRC2DS), 30 gradient-assisted photon echo spectroscopy (GRAPES), 31 etc. For molecules, coherent 2D studies of electronic, 32 vibrational, 33, 34 and rotational motions 30 have been demonstrated. A comprehensive review of applications is beyond the scope of this paper, but the list of applications includes protein structure and identification, 35, 36 photosynthesis, 37 imaging, 35 fast isomerization dynamics, 38 structure and dynamics of peptides on surfaces, 39 applications in materials science, 40 and studying the fundamental science of vibrational frequencies, [41] [42] [43] vibrational couplings, 44 and transition dipole moments. 45 Coherent 2D spectra can be used to distinguish homogeneous from inhomogeneous line widths, 46 to study multi-quantum coherences, 47, 48 Fermi resonances 49, 50 and anharmonicity, 51 and energy and charge transfer. 28 Most of these instruments employ a variation on one of three main approaches: pump-probe spectroscopy, impulsive time-domain spectroscopy, and multiresonant frequency/ time-domain spectroscopy. For all of these approaches, the coherent 2D spectrometer usually consists of three main components: one or several pulsed lasers, optics (needed to steer, separate, delay, combine, and manipulate or alter some property of the input and output beams), and an optical detection system. The pulsed lasers must be sufficiently intense (e.g., > 100 MW/cm 2 ) in order to generate nonlinear optical effects or to transfer significant population between energy levels. Like many other forms of spectroscopy (NMR, IR, Raman) the data for a coherent 2D spectrum may be obtained in either the frequency domain or the time domain. 52 The detection systems can involve a single element detector or an array detector that is attached to a monochromator.
The simplest coherent 2D instruments use a pump-probe or hole-burning frequency domain approach; an intense narrow-band tunable beam of light (the pump that creates the hole, perhaps with a pulsewidth in the picosecond range) is overlapped with a weaker broadband beam of light (the probe, perhaps with a pulsewidth in the femtosecond range) that usually covers the entire wavelength range of the pump. The narrow band pump is tuned to create one axis, and the other axis is the wavelength of the broadband probe detected after overlap with the pump beam. A single broadband femtosecond laser may be used if its beam is separated to make three beams: an intense tunable pump beam that is frequency-narrowed using an etalon or pulse shaper, and two weaker broadband probe beams. The pump beam and one probe beam intersect in the sample at some arbitrary angle, and the second probe beam is often offset from the pump and used as a reference. Both broadband probe beams are sent to a monochromator with an array detector, and the log of the ratio of the two probe spectra may be plotted as a function of the pump wavelength and the detection wavelength to make the 2D spectrum. As the pump beam frequency is tuned, changes in population caused by the pump beam produce differences between the two probe spectra, resulting in peaks that appear in the 2D spectrum. If the change occurs at a wavelength different from that of the pump beam, the resulting peak will appear in the off-diagonal region. Since the lasers are pulsed, changes in the delays between the pump and probe beams may be used to obtain information on dynamics.
A more sophisticated and complicated alternative to the pump-probe approach that more closely resembles the use of multiple pulses in multidimensional NMR spectroscopy is the impulsive approach, which employs photon echoes (or free induction decays). Instead of scanning the frequencies of the lasers, the times between pulses are scanned, and FTs are used to convert the 2D time-domain signal into the frequency domain. This approach is sometimes called 2D FT spectroscopy. It makes use of very short broadband laser pulses and can provide high time resolution, which is one important advantage optical coherent 2D spectroscopy provides over 2D NMR and other 2D techniques. Femtosecond pulses are inherently spectrally broad due to the transform relationship between time and frequency, and conventional spectroscopic techniques employing single femtosecond pulses cannot achieve both high spectral resolution and high (femtosecond) temporal resolution. The 2D FT impulsive approach overcomes this problem because the spectral resolution is determined by the time between pulses rather than the lengths of the pulses. 53 Although several different variations of the impulsive approach have been developed, a common approach is to use a single femtosecond laser beam that is split into separate beams (using beam splitters, interferometers, pulse shapers, etc.) so that a series (usually four) of sequential pulses are produced, three of which are spatially overlapped at the sample at different times. The first pulse to arrive at the sample initiates coherent oscillations, the second pulse converts the coherence to a population grating, and the third pulse diffracts off of this grating (see the pulse sequence in Figure 3 ). A fourth pulse (called the local oscillator) is added to interfere with the nonlinear signal in a way that is similar to the recombined beams in a Michelson interferometer. This approach is called heterodyne detection. For the first axis, the timing between the first and second pulses is typically scanned, causing the population grating to grow more intense if the two pulses add constructively or to decrease if the two pulses add destructively. For the other frequency axis, the time between the third and fourth pulses is often scanned. An alternative to this second scan is to use a monochromator and array detector. 28 The delay between the second and third pulse can also be varied in order to obtain temporal information on the population relaxation of the induced grating.
Compared to the pump-probe approach, this timedomain impulsive approach offers better time and spectral resolution, greater control and flexibility, phase information, and better sensitivity, 54, 55 but it is more difficult to implement because of demanding phase requirements. 56 It requires very good phase stability, accurate measurement of the time delays, and exact measurement of the phase in order to accurately convert the time-domain data into frequency-domain spectra. One advantage of the time-domain approach is that the shapes of the peaks can be very similar to that of absorption spectra. However, the time stepping during scanning needs to be very precise and the phase needs to be known to an accuracy of fractions of a femtosecond (e.g., k/100). Otherwise, the peaks will become distorted. Fuller and Ogilvie have recently published a review article that provides more information on various methods for improving phase stability. 28 Unlike the pump-probe instrument, many impulsive timedomain instruments use BOXCARS 57 phase matching, which is commonly used in FWM experiments to conserve momentum and ensure that the generated signal emerges as an intense coherent beam (i.e., the charges in the sample oscillate constructively in phase along the propagation direction of detection to create a super-radiant beam), to select the desired FWM process, and to reject unwanted light. Phase matching and other techniques (e.g., phase cycling and amplitude modulation) are also used to overcome the difficulty of detecting a small signal that is accompanied by a large background. In BOXCARS phase matching, angles are introduced between the beams so that the k-vector equation (e.g., k4 ¼ k1 -k2 þ k3) matches the frequency equation (e.g., o4 ¼ o1 -o2 þ o3; Figure 3 ). Therefore, the detected beam emerges from the sample along a trajectory different than any of the input beams. For time-domain coherent 2D techniques, BOXCARS phase matching can also be used to help restore absorptive peak shapes in the resulting spectra.
The third approach uses multiple input laser beams, each with distinct frequency ranges so that multiple resonances can be used to enhance a FWM process. The generated FWM beam is produced at wavelengths different from that of any of the input beams. This multiresonant approach is similar to that used in resonantly enhanced coherent Raman spectroscopy (RECARS), where different input beams are overlapped at the appropriate phase-matching angles to generate a FWM signal beam. By contrast, the previous impulsive approach is similar to degenerate FWM where all input and output beams have the same frequencies. Multiresonant coherent 2D instruments are primarily frequency domain instruments that require the use of either two independently tunable lasers or one tunable laser, one fixed frequency laser, and a tunable detection system (e.g., monochromator and array detector). Any two of the four fields can be used for the two axes in the 2D spectra. Ideally, the bandwidths of the tunable lasers are small relative to the widths of the peaks. For example, one of the first coherent 2D vibrational spectrometers used two separate tunable IR beams, a fixed wavelength visible beam to convert the signal to the visible region, and a monochromator with a PMT for coherent 2D vibrational spectroscopy. 58 This instrument was an extension upon the designs of earlier spectrometers used for High-resolution coherent 2D spectroscopy (top left) involves one narrowband beam and three broadband beams, while high-resolution coherent 3D spectroscopy (top middle) involvers two narrowband and two broadband beams. All beams are broadband for the impulsive technique, and its temporal sequence of laser pulses is shown on the bottom right, where the resulting signal can be recorded as function of any of the three time delays (t1, t2, and t3). The fourth pulse is called a local oscillator, and it sent along the direction of the FWM signal that is generated by the first three pulses to facilitate interference. The interference in this signal causes frequency-dependent oscillations as t1 and t3 are changed. The oscillations are similar to the interference between beams that are recombined in a Michelson interferometer that is used for FT-IR spectroscopy, except that there are two independent time delays (t1 and t3) and therefore two orthogonal frequency axes. Fourier transforms can be used to convert these time-domain oscillations into frequency-domain features in the 2D spectrum. The bottom left figure shows an example of a BOXCARS phase-matching diagram suitable for the frequency domain energy level diagrams above.
coherent electronic spectroscopy where all four beams were in the visible or UV region. 59 A more recent high-resolution coherent 2D spectrometer uses one narrowband tunable pulse, two broadband pulses, and a monochromator equipped with a CCD. 60 The use of broadband sources permits multichannel detection, which reduces the amount of time needed to collect the large amount of data typically needed to generate a 2D spectrum down to several minutes.
As with the impulsive approach, the multiresonant approach requires phase matching. However, the multiresonant approach does not require phase stability and a local oscillator because the intensity of the generated beam is directly detected (homodyne detection). The range over which spectra can be recorded is also determined by the tunable range of the input lasers and the difference in frequencies between those lasers rather than the bandwidth of a single broadband laser pulse. Therefore, the spectral range can be much greater than that for the impulsive technique. The intensity of the signal scales with the square of (rather than linearly with) the concentration. Furthermore, the multiresonant approach provides maximum flexibility regarding the choice of laser wavelengths, the type of molecular motions (rotational, vibrational, and/or electronic) that may be simultaneously probed, and the kinds of resonances that may be involved. Since light is generated at new wavelengths and the process involves multiple resonances, the technique is also less susceptible to spectral interference and has the potential for lower detection limits; the signal is detected against a dark background and is not dependent upon good stability of a local oscillator. Furthermore, this approach appears to be very well suited for higher dimensional coherent multidimensional spectroscopies.
Multiresonant FWM techniques can have a maximum of three resonances, which occurs if all four levels are real (none is virtual) and which is needed for coherent three-dimensional (3D) spectroscopy (see the section ''Future Directions: Coherent Three-Dimensional Spectroscopy''). Each resonance can increase the size of the generated signal by orders of magnitude, so the additional resonances provide improvements in the detection limit as well as selectivity. Triply resonant (or fully resonant) FWM techniques were developed and investigated by Wright et al. in the 1980s in order to create a family of highly resonant FWM spectroscopic techniques. 61 In all of these techniques, three separately tunable input photons (o1, o2, o3) are used to generate a fourth output photon (o4 ¼ AE o1 AE o2 AE o3). When any of the photons have frequencies that match natural resonances in a molecule, the intensity of this generated o4 beam grows, resulting in a peak in the nonlinear spectrum.
Combined Approaches
Coherent multidimensional spectroscopy is still a relatively young field, and many groups are still exploring how modifications to instrumentation and techniques may lead to improved or expanded capabilities. For example, frequency-domain instruments have been expanded so that they have the ability to record information in the time domain. Wright et al. have developed several mixed time-frequency techniques, DOVE, triply vibrationally enhanced (TRIVE), and triple sum frequency (TSF) 49 where delays are introduced between the pulses in the frequency domain instrument in order to record timedomain information. This approach uses picosecond pulses with temporal delays between them to control the photon interaction order and FWM process and to reduce nonresonant background (beneficial for condensed phase samples). Picosecond pulses are sufficiently short relative to vibrational de-phasing times to select specific resonances but are also short enough to measure kinetics. The tuned linewidths need to be narrower than a peak and the delays need to be short to achieve a selective resonance enhancement and to maintain coherence between pulses. Vibrational de-phasing times in condensed phase samples are less than a nanosecond, so picosecond pulses are needed for these coherent 2D vibrational spectroscopy experiments. These methods have been used to demonstrate ultrafast dynamics in quantum dots 46 as well as the demonstration of some creative new capabilities, such as resonance IR as a coherent multidimensional analogue of resonance Raman, 62 and fully coherent triple sum frequency spectroscopy. 49, 63 Dual-frequency or two-color impulsive techniques have also been developed that can overcome some limitations of the degenerate time-domain approach such as the relatively narrow spectral range and ambiguities in the pathway and the resulting interpretation. A dual frequency 2D IR method 64 developed by Rubstov et al. employs two different IR lasers, and the 2D-EV method 65 developed by Graham Fleming's group involves separate visible and IR beams. Additional studies using this approach have been conducted by the Moran 66 and Davis 67 groups. Recently, Ogilvie and colleagues used this approach to shorten the acquisition time, improve selectivity, and increase signal-tonoise ratios while recording coherent 2D spectra in photo labile biological systems. 68 
Future Directions: Coherent Three-Dimensional Spectroscopy
Many practitioners of coherent 2D spectroscopy believe that it has become an ''established'' method for conducting spectroscopic studies on systems that are too difficult to study using conventional spectroscopic techniques. Continued growth is expected both in future applications and capabilities of these relatively young techniques. If the field of coherent multidimensional spectroscopy follows the path taken by multidimensional NMR, then the next major expansion will likely be into the third dimension. Coherent 3D spectroscopy is still at a very early stage of development and the accomplishments and progress have been reviewed by Cundiff. 69 A 3D spectrum is a plot of a detected optical signal as a function of three different frequency axes. Threedimensional spectra cannot be produced using many of the spectroscopic techniques used for generating other types of 2D spectra (e.g., 2D fluorescence or 2D correlation spectra) that are inherently limited to two dimensions of frequency. The expansion of a 2D technique by addition of a laser that incoherently pumps the sample before probing by a 2D technique is not considered to be a true 3D spectroscopic technique. Coherent 2D techniques that are based on FWM may be expanded to the third dimension by additional frequency control or temporal control of a third laser field. For frequency domain techniques using the multiresonant approach, conversion from 2D to 3D can be done by simply tuning a narrowband laser beam that was not tuned in the coherent 2D experiment. For time-domain techniques that use the impulsive approach, expansion from 2D to 3D is more complicated. One option is to scan the time between the second and the third pulse. In a two-level system, this time period corresponds to a population, but if the system contains more levels that permit more resonances, the time period can correspond to a coherence and the third dimension can provide new information. The impulsive approach also has additional phase issues; unlike impulsive coherent 2D spectroscopy experiments where two pulses need to be phase stabilized, the 3D version requires that all of the pulses need to be phase stabilized and additional time is required to take data for the spectra. 69, 70 Some impulsive coherent 3D techniques involve higher order nonlinear optical processes (e.g., fifthorder six-wave mixing). [70] [71] [72] Because coherent 3D spectrometers are more complicated to build and operate compared to their 2D counterparts, it is important to know what significant advantages are provided by expansion from 2D to 3D. Simply scanning one more axis does not necessarily guarantee new useful information, especially if the technique is not at least triply resonant. In 2000, Park and Cho proposed using coherent 3D spectroscopy to study higher order vibrational coupling not accessible using coherent 2D spectroscopy. 70 Since then, coherent 3D spectroscopy has been used to improve resolution over 2D spectroscopy 71 and observe hidden peaks, 74 and to measure three-point frequency fluctuation correlation functions in liquids and non-Gaussian statistics, 75 and permitting the study of two quantum coherences. [76] [77] [78] Coherent 3D techniques based upon six-wave mixing can provide additional dynamics information by populating doubly excited levels 79 and probing levels that are not accessible using FWM. However, these processes are also susceptible to cascading third-order processes. 80, 81 Very recently, coherent 3D spectroscopic techniques have been used to produce 3D sum frequency generation spectra of surfaces. 82 The need for and potential benefits of a triply resonant process can be illustrated by considering recent progress and understanding in 3D spectroscopy using the frequency domain multiresonant approach. Two-dimensional spectra are usually shown as contour plots or surface plots of the measured quantity (i.e., signal intensity) as a function of two frequency dimensions that appear along orthogonal axes. Ideally, a 3D spectrum would be a plot of the intensity as the function of three orthogonal frequency axes, but such a drawing is not possible on a flat (2D) piece of paper. If the 3D spectrum contains only a single peak, then the peak could be drawn as a 3D object, with the use of false coloring to provide intensity information. However, if a 3D spectrum contains a large number of peaks (as is the case with rotationally resolved gas phase molecules), this solution may not work; peaks in the background can be hidden behind peaks in the foreground, and it can be difficult for the viewer to judge peak locations accurately. To further complicate matters, objects other than peaks may be present in the 3D plot. A singly resonant FWM process will then produce a resonance plane that propagates through the 3D space, and a doubly resonant process will produce a resonance line that propagates through 3D space. In order to generate individual peaks in the 3D plot that appear as points (or small spheres) in the 3D plot, the FWM process must be triply (fully) resonant. In fact, a general rule is that peaks appear only when the number of resonances is at least as large as the number of dimensions.
One strategy that can be used to overcome this display problem is to reduce the number of shown peaks by only plotting those that exceed a minimum intensity threshold. Since the intensity of a FWM feature increases with the higher degrees of resonance, this strategy should help reduce unwanted features such a doubly resonant lines and singly resonant planes. Another strategy is to break up the 3D plot into a layered stack of 2D plots. This approach can be simple to apply because the original data is often collected in steps, where each step produces a 2D plot, which is stacked on other 2D plots to form the 3D plot.
A frequency domain high-resolution coherent 3D spectrometer can be built using two tunable narrowband beams and one broadband beam. Consider, for example, the energy level diagram for the FWM process shown on the left side of Figure 3 . In a coherent 2D experiment, the first photon (o1) is narrowband and tunable, and the second and third photons (o2 and o3) are broadband. The broadband beams facilitate multichannel detection when the signal is detected using a monochromator and CCD. Replacing one of the broadband beams (o3) with a narrowband photon provides the additional dimension needed to generate 3D spectra but still permits multichannel detection because o2 is still broadband. The three xyz axes are therefore the frequencies of the two narrowband tunable beams (o1 and o3) and the generated output beam (o4). This approach has recently been used to demonstrate the following capabilities: 83 (i) Selectivity by molecular species and quantum numbers (ii) Further reduction of congestion by expansion into the third dimension, which increases the distance between peaks (iii) Confirmation of quantum number assignments made using coherent 2D spectroscopy For example, species selectivity can be achieved using 3D spectroscopy if one of the tunable narrowband laser beam frequencies is held constant so that it is resonant with one species but not the others. If one holds o1 constant while scanning o3 and o4, the resulting spectrum will be a 2D slice through 3D space that shows peaks from only the species selected by o1. This ability to select by species could be used to overcome spectral congestion in coherent 2D spectra that are complicated due to multiple species in a sample. 84 It could also be used to select and display only peaks that involve levels with a specific quantum number in large or more complicated molecules that otherwise yield heavily congested 2D spectra due to a very high density of states. 85 The expansion from 1D to 2D to 3D and the ability to select using the 3D technique are illustrated in Figure 4 . This figure assumes a rotationally resolved system that has a selection rule of ÁJ ¼ AE1 and the parametric FWM process shown in the middle of Figure 3 . Along the bottom x-axis (o4 on Figure 4 ) are six rotational peaks (shown in blue) that represent parts of the P and R branches in a rotationally resolved 1D spectrum. On the left side, the y-axis (o1) shows another 1D spectrum with six other rotational peaks that are associated with different vibration and/or electronic states but with the same initial rotational quantum numbers (J 00 ) as that for the x-axis. The 12 blue circles in this figure are cross-peaks in a corresponding 2D spectrum. This xy plane is located in the offdiagonal section of the coherent 2D spectrum (o1 6 ¼ o4). Each of the 12 cross-peaks has two sets of rotational quantum numbers, one set for the x-axis and one set for the y-axis. The value of J 00 for these peaks matches the value for the corresponding peak in the 1D spectra that is horizontally or vertically aligned to it. Peaks with identical J 00 values align to form the four corners of a rectangle. This 2D pattern can be easier to interpret than its 1D counterpart because the peaks are spread into the second dimension and form rectangles that are easy to identify. Furthermore, groups of rectangles are easy to identify because they either form an x-shaped structure (if B 00 & B 0 ) or a parabolashaped structure (if B 00 and B 0 are very different). Finally, the peaks within each rectangle have the same J 00 value and are produced by the same species; peak assignment can therefore be easier and more accurate.
The red, green, and yellow spheres in Figure 4 are off-diagonal peaks in the coherent 3D spectrum (following expansion into the o3 plane). The expansion is illustrated for only the four 2D peaks that have J 00 ¼ 2; other rectangles that have other values of J 00 will expand the same way. Two of the four peaks (x,y ¼ P,R or R,P) spread out along the o3 direction, but the other two (corresponding to x,y ¼ PP or RR) split into two peaks during this expansion. This splitting is due to multiple pathways allowed by the rotational selection rule (ÁJ ¼ AE1); the two pathways (see Figure 2 ) are J ! Jþ1 ! J ! Jþ1 ! J and J ! Jþ1 ! J ! J-1 ! J for the RR peak. For the PP peak, the two pathways are J ! J-1 ! J ! Jþ1 ! J and J ! J-1 ! J ! J-1 ! J. The horizontal (o3,o4) plane that originally contained two of the four 2D peaks now contains a triangle made of three peaks that are green and yellow (when o1 is resonant with an R-branch) or green and red (when o1 is resonant with a P-branch). The green peaks in the R-branch plane have the same o3 and o4 values as the green peaks in the P-branch plane (see the dotted vertical Figure 3 for a selection rule of ÁJ ¼ AE1. If the ground and excited state rotational constants are similar (B 0 & B 00 ), the rectangles will appear concentric (left). Otherwise, the rectangles will not be concentric, resulting in a dual parabola pattern (right). lines in Figure 4 that indicate identical positions). These green peaks are ''common'' to both planes and can be used to help match the pair of P and R planes that have identical J'' values.
If the y-axis (o1) value is fixed on one specific resonance, then all of the peaks in the corresponding 2D slice of the 3D spectrum may be from one selected species, one set of selected electronic states, one set of selected vibrational levels, and one set of selected rotational quantum numbers (in this example, J 00 ¼ 2). In a severely congested system, this high level of selectivity greatly reduces spectral congestion, making it easy to find recognizable patterns (e.g., triangles) and easy to compare triangles from different planes to see if they contain common peaks. Figure 5 illustrates how peak congestion is reduced and peak organization is increased after expansion from 1D to 2D. The top two spectra are simulated 1D and simulated 2D spectra for bromine, which naturally occurs as three isotopologues, 79 Br 2 , 81 Br 2 , and 79,81 Br 2 . In a conventional 1D absorption spectrum of bromine, the peak density is so high (1000 peaks per nm) that peaks are unresolved, and no clear pattern can be identified. The simulated middle spectrum shows how 2D spectroscopy redistributes the peaks into color-coded (red, green, and blue) parabolas, organized into rows and columns according to the species. Within each parabola, all peaks have the same vibrational quantum numbers and the peaks are sorted by rotational quantum number (see Figure 6 ). However, an actual experimental 2D spectrum at the bottom of Figure 5 shows that peak congestion remains a problem for many areas of the 2D spectrum; the congestion is especially bad near the dissociation limit (near 510 nm) because of the decrease in space between vibrational levels. Furthermore, peaks from additional parabolas that begin at shorter wavelengths of o1 and involve different vibrational quantum numbers run into the ones that were originally simulated. Figures 7-12 illustrate the reduction in congestion possible by further expansion from 2D to 3D. The 2D spectra have axes in units of nm while the 3D spectra are in units of cm À1 . Figure 7 shows a 2D spectrum in a region Figure 7 . Coherent 2D spectrum of molecular Br 2 . The circled peak and three other peaks should form a rectangle where all the peaks have the same ground state rotational quantum number. It is unfortunately not clear how to identify the other three peaks, and it is also not clear how to confirm the accuracy of such an identification. with less congestion than its 1D counterpart, but it is still not obvious how one accurately identifies the four points that form a rectangle when the sample is a mixture. For example, it is not clear how to identify the other three peaks that have the same species and J 00 value for the circled peak at (542.17 nm. 611.82 nm). The recording of a 3D spectrum using the similar values for o2 and o4, a tunable laser for o3, and a fixed wavelength o1 ¼ 611.82 nm value yielded a column of triangles (see Figure 8 ). Each of these triangles has one peak with an x-axis value of 542.18 nm, and two peaks with an x-axis value of 541.90 nm. These two wavelengths should therefore correspond to the x-axis values of the rectangle in the 2D plot. Figure 9 shows that by looking at the 2D plot directly above or below these two points (542.17 nm. 611.82 nm) and (541.90 nm. 611.82 nm), one can find two additional points to complete the rectangle that have a y-axis value of 612.336 nm: (542.17 nm. 612.336 nm) and (541.90 nm. 612.336 nm). This observation suggests that the other y-axis value for the rectangle is 612.336 nm. Figure 10 shows the 3D spectrum taken when the dye laser value is fixed at 612.336 nm, and overlapping this spectrum with the original one (dye laser at 611.82 nm) on top of each other confirms that this result is correct ( Figure 11 ). The presence of two common points in each triangle confirms that these two wavelengths involve the same J 00 value and that they are the two y-axis values for the corresponding rectangle in the 2D spectrum. This method for confirming peak assignments is not available for coherent 1D or 2D spectroscopies; it is unique to the 3D technique. Finally, once one rectangle has been Figure 9 . Coherent 2D spectrum of molecular Br 2 . The resonance wavelength of 541.90 nm can be used to help identify the other three points that form the corners of a rectangle. However, this tentative identification needs to be experimentally verified by setting o1 to 612.336 nm and recording a coherent 3D spectrum. Figure 10 . Coherent 3D spectrum of molecular bromine, taken with o1 ¼ 612.336 nm. The three peaks that are circled using ovals have the same dimension as those in Figure 8 . This similarity suggests that the two sets have similar rotational quantum numbers in the ground state. In addition to the triangles enclosed in ovals, other enclosed triangles are attributed to other bromine isotopologues. The vertical lines are due to a doubly resonant process, and the diagonal line is due to stray light from the OPO signal beam.
identified, others are easy to assign due to the similarity in size and pattern ( Figure 12 ) as well as neighboring proximity.
To summarize, in high resolution coherent 2D spectroscopy, four peaks (with the same J 00 value) from two different 1D spectra are distributed in 2D space to form the four corners of a rectangle. Concentric rectangles form an X and non-concentric ones form a parabola. Both Xs and parabolas can be easy to recognize. Further expansion into 3D causes these four peaks to become six peaks that form two triangles found on two different planes.
These planes in the 3D spectrum can be paired using the common points to facilitate and confirm the accuracy of peak assignments in the 2D spectrum.
Conclusion
Coherent multidimensional spectroscopy combines multiresonant nonlinear spectroscopy with multidimensional plots in order to overcome some longstanding limitations of conventional spectroscopy. Conventional spectroscopic techniques are often useless if the peak density is too high Figure 12 . Coherent 2D spectrum showing how peak assignments made with the help of coherent 3D spectroscopy helps facilitate additional peak assignments in this 2D spectrum. Figure 11 . Two overlapped coherent 3D spectra of molecular Br 2 , one with o1 ¼ 611.821 nm (red peaks) and the other with o1 ¼ 612.336 nm (blue peaks). The overlapping common peaks confirm that these two wavelengths have the same ground state rotational quantum number. and/or if the sample consists of a mixture of species. Coherent 2D spectroscopy reduces congestion and improves spectral resolution by spreading the peaks out in 2D space. The selective capabilities of coherent 3D spectroscopy can be used to produce spectra where all of the observed peaks come from a selected species or involve a specific level. Conventional spectroscopic techniques are transform-limited; they cannot simultaneously achieve very high spectral and very high temporal resolution. The ability to achieve both using coherent multidimensional spectroscopy provides the means for simultaneously obtaining information on both structure and behavior (e.g., kinetics, dynamics). Finally, the interpretation of highresolution spectra often depends upon how well the sample molecule follows the behavior of theoretical models. The interpretation of coherent multidimensional spectroscopy can be easily carried out even for molecules that do not follow model behavior. During the coming years, we will undoubtedly witness further development in techniques, rapid growth in applications of this powerful approach, and further expansion into the higher dimensions.
